On account of the growing interest in laser micromachining in insulators, semiconductors and metals[@b1][@b2][@b3] for applications in nanoelectronic, microreactors and microdevices, ultrashort pulsed laser ablation offers a superior means due to the minimization of the thermal effects and collateral damage[@b4]. To improve the micromachining efficiency, multi-beam interference has been used to fabricate multi-microholes[@b5][@b6][@b7], two- and three-dimensional microstructures[@b8][@b9][@b10][@b11]. However, this multi-beam interference is less flexible and all the beams are still *scalar fields* which have spatially homogeneous distribution of polarization.

Polarization, as an intrinsic and fundamental nature of light, plays a crucial role in various aspects. The states of polarization (SoPs) have been successfully used to manipulate optical fields. For instance, vector optical fields[@b12][@b13][@b14] as a kind of novel optical fields, which have spatially inhomogeneous SoP distribution, have attracted more and more attentions due to the novel properties[@b14][@b15]. As is well known, the field collapse and the multiple filamentation have a common feature, which is its randomness, because they are initialed by the axial symmetry breaking caused by random noise. The axial symmetry breaking of optical field by engineering the spatial SoP structure has been demonstrated to be an extremely effective method for realizing the designable, controllable and robust field collapse and filamentation in nonlinear Kerr medium[@b16]. The vector optical fields have been confirmed to fabricate microstructures[@b17][@b18][@b19].

In this paper, we present an approach for fabricating the multi-microholes, by using femtosecond (fs) *patterned vector optical field* (PVOF) composed of multiple vector optical fields. Inasmuch as the multiple vector optical fields could have arbitrary spatial arrangement and any individual vector optical field could also have arbitrary spatial SoP distribution, such two degrees of freedom make the PVOF have the diversity. Consequently, the resultant diversity of the focal field patterns of the focused PVOFs is possible to fabricate various multi-microhole patterns.

Results
=======

Principle
---------

The fs PVOFs for fabricating multi-microholes are more flexible and efficient with respect to the fs single optical filed and even the fs multiple optical fields, because the fs PVOFs have more controllable degrees of freedom, such as the spatial arrangement and number of individual vector optical fields as well as the shape and the SoP distribution of each individual vector optical field. Here we focus on the cases only when the individual vector optical fields which form the PVOF are the azimuthally-variant linearly-polarized vector fields (AV-LP-VFs) and have the same radius of *a*. The generated PVOF is located at the front plane of a focal lens **L** with a focal length of *f*. The front and rear focal planes of **L** are defined as the planes **P** and **F**, respectively. Two Cartesian coordinate systems (*x*, *y*) and (*x*′, *y*′) as well as the corresponding polar coordinate systems (*r*, *ϕ*) and (*r*′, *ϕ*′) attach on the planes **P** and **F**, respectively.

An AV-LP-VF with a topological charge *m* and an initial phase *ϕ*~0~, which locates at the origin (0, 0) in the plane **P**, can be written in Jones Matrix as[@b13][@b20][@b21][@b22] Under the paraxial condition, when is focused, its SoPs are not changed. Based on the Huygens-Fresnel principle, its focal field is written in the plane **F** as with where *p* = 2*πar*′/*λf*, *λ* is the wavelength of laser, *a* is the radius of , *A*′~0~ is a constant, and ~1~*F*~2~ \[ \] is the generalized hypergeometric function, respectively. Thus the intensity distribution of the focal field should be We can find from Eq. (2b) that due to , for the AV-LP-VF with the topological charge *m* and the initial phase *ϕ*~0~, its focal intensity depends on *m* only independent of *ϕ*~0~, i.e.,

For two special cases of *m* = 0 and 1, degenerates into the linearly-polarized scalar field and the 1st-order AV-LP-VF, respectively. Thus Eqs. (2) are simplified into with and with

Here *J~n~* ( ) and *H~n~* ( ) are the *n*th-order Bessel and Hankel functions of the first kind, respectively.

We focus on the case that the PVOF **E** is composed of *N* individual AV-LP-VFs, which have the same *m* while the different *ϕ~j~*~0~. When the center of the *j*th AV-LP-VF is located at (*x~j~*~0~, *y~j~*~0~) (*j* = 1, ..., *N*), **E** can be represented in the plane **P** as where and *δ* ( ) are the convolution operator and the well-known *δ* function, respectively. is easily given from in Eq. (1), provided that *ϕ*~0~ is replaced by *ϕ~j~*~0~ only.

Thus the focal field **E′** of the PVOF **E** can be written in the plane **F** as where *P~j~* is the propagation factor of the *j*th AV-LP-VF and is easily obtained from in Eq. 2(b), provided that *ϕ*~0~ is replaced by *ϕ~j~*~0~ only.

Finally, the intensity distribution of the focused PVOF should be written as with the interference factor Clearly, the interference factor *P* depends in general on the SoPs (which is described by ) and the propagation factors *P~j~* of all the *N* individual AV-LP-VFs. If all the AV-LP-VFs are identical, however, *P* depends only on *P~j~* due to and . Thus the interference factor *P* in Eq. (8) degenerates into The above Eq. (8) implies that the intensity of the focused PVOF is determined by the modulated by the interference factor *P* of the *N* individual AV-LP-VFs, where is the intensity of the focused individual AV-LP-VF.

Experiments
-----------

The experimental schematic for fabricating the multi-microholes is very similar to that used in Ref. [@b18]. The unique difference is that the single vector optical field in Ref. [@b18] is replaced by the PVOF. To generate the PVOF, the fs pulses are from a Ti:sapphire regenerative amplifier, which has a fundamental Gaussian mode, a central wavelength of 806 nm, a pulse duration of 35 fs, and a repetition rate of 1 kHz. Two achromatic 1/2 wave plates and a Glan prism between them are used to control the energy and the polarization direction of the fs pulses. After passing through an electromechanical shutter controlling the pulse shots for punching on the sample, the fs pulsed laser is expanded by a pair of lenses and then is incident into a vector optical field generation system. In this system, except for the hologram displayed at a spatial light modulator is a patterned hologram composed of multiple holographic gratings instead of a single holographic grating in Refs. [@b13],[@b20],[@b21],[@b22] others are the same as Refs. [@b13],[@b20],[@b21],[@b22]. Any individual AV-LP-VF of the generated PVOF has the near flat-top intensity distribution. However, the individual AV-LP-VFs are allowed to have the different SoP distributions. The pulse duration of the generated fs PVOF is broadened to \~70 fs. Finally, the generated PVOF is focused by an achromatic focusing lens **L** with a focal length of *f* = 50 mm and a numerical aperture of 0.15 and then is normally incident onto the polished *p*-type single-crystalline Si (100) wafer with an impurity level of 10^16^--10^17^ cm^−3^. The ablated silicon sample was soaked in hydrofluoric acid with concentration of 4% for 10 minutes and then is sonic cleaned in deionized water for 10 minutes. The surface morphologies of the ablated samples are observed by a scanning electron microscopy.

We now experimentally investigate the fabrication of multi-microholes on silicon surface, by using the focused fs PVOFs. In experiments, we focus on the cases only when all the individual vector optical fields forming the PVOF are the AV-LP-VFs with the same topological charge *m* and the same radius of *a*. We first explore a special PVOF composed of four individual *linearly-polarized scalar fields* (corresponding to the *m* = 0 AV-PL-VF). The experimentally generated two kinds of PVOFs composed of four individual linearly-polarized scalar fields with *a* = 1.0 mm. The four individual fields form a square and locate at (*x*~10~, *y*~10~) = (1.56, 1.56) mm, (*x*~20~, *y*~20~) = (−1.56, 1.56) mm, (*x*~30~, *y*~30~) = (−1.56, −1.56) mm, and (*x*~40~, *y*~40~) = (1.56, −1.56) mm, respectively, as shown in [Figs. 1a and 1b](#f1){ref-type="fig"}. The two individual fields in the first and third quadrants have the same initial phases *ϕ*~10~ = *ϕ*~30~ = 0 in [Fig. 1a](#f1){ref-type="fig"} (*ϕ*~10~ = *ϕ*~30~ = *π*/2 in [Fig. 1b](#f1){ref-type="fig"}), while the two in the second and fourth quadrants also have the same initial phases *ϕ*~20~ = *ϕ*~40~ = *π* in [Fig. 1a](#f1){ref-type="fig"} (*ϕ*~20~ = *ϕ*~40~ = 3*π*/2 in [Fig. 1b](#f1){ref-type="fig"}), respectively. The arrows in the individual fields in [Figs. 1a and 1b](#f1){ref-type="fig"} show the corresponding SoPs. The simulation results reveal a fact that for any one of the individual fields ([Figs. 1a and 1b](#f1){ref-type="fig"}), its focal field has the same intensity pattern of an Airy spot ([Fig. 1c](#f1){ref-type="fig"}), as the above theoretical predication, implying that the initial phase determining SoP has no influence on the focal intensity pattern. The simulated interference pattern described by the interference factor *P* exhibits a tetragonal lattice ([Fig. 1d](#f1){ref-type="fig"}). As shown in Eq. (6b), the interference pattern depends on both positions and SoPs of the four individual fields. The simulated intensity pattern of the focused PVOF is composed of four bright spots exhibiting a square ([Fig. 1e](#f1){ref-type="fig"}), which originates from the splitting of the Airy spot of the focused individual field due to the modulation of the interference factor of the four fields. At a fluence of about 6.9 J/cm^2^, four microholes are punched on the silicon surface by 50 pulses ([Fig. 1f](#f1){ref-type="fig"}), which has the same pattern as the focused PVOF ([Fig. 1e](#f1){ref-type="fig"}).

Differently from the case in [Fig. 1](#f1){ref-type="fig"}, we now explore experimentally the fabrication of multi-microholes by the PVOFs composed of four identical AV-LP-VFs with *m* = 1 and *a* = 1.0 ([Fig. 2](#f2){ref-type="fig"}). As shown in [Figs. 2a and 2b](#f2){ref-type="fig"}, four radially-polarized (*ϕ~j~*~0~ = 0, where *j* = 1 \~ 4) and four azimuthally-polarized (*ϕ~j~*~0~ = *π*/2) fields have the same arrangement as [Figs. 1a and 1b](#f1){ref-type="fig"}, respectively. The simulation results and the above theory reveal a fact that the *m* = 1 AV-LP-VF for any *ϕ*~0~ is always focused into the same focal ring ([Fig. 2c](#f2){ref-type="fig"}) instead of the Airy spot. The simulated interference pattern described by the interference factor *P* also exhibits a tetragonal lattice ([Fig. 2d](#f2){ref-type="fig"}). It should be pointed out that the patterns in [Figs. 1d](#f1){ref-type="fig"} and [2d](#f2){ref-type="fig"} exhibit both the same tetragonal lattice and the same lattice period, but both exist a shift with a 1/2 lattice period in the *x*′ and *y*′ directions. The simulated intensity pattern of the focused PVOFs in [Figs. 2a and 2b](#f2){ref-type="fig"} contains eight bright spots forming a square ([Fig. 2e](#f2){ref-type="fig"}), which originates from the splitting of the focal ring due to the modulation of the interference factor of the four individual AV-LP-VFs. At a fluence of about 6.9 J/cm^2^, eight microholes are punched on the silicon surface by 50 pulses ([Fig. 2f](#f2){ref-type="fig"}), like the focal intensity pattern ([Fig. 2e](#f2){ref-type="fig"}).

[Figure 3](#f3){ref-type="fig"} shows the other case similar to [Fig. 2](#f2){ref-type="fig"}. Compared [Fig. 3a](#f3){ref-type="fig"} with [Fig. 2a](#f2){ref-type="fig"} and [Fig. 3b](#f3){ref-type="fig"} with [Fig. 2b](#f2){ref-type="fig"}, *ϕ*~10~ = *ϕ*~30~ = 0 in [Fig. 2a](#f2){ref-type="fig"} are changed into *ϕ*~10~ = *ϕ*~30~ = *π* in [Fig. 3a](#f3){ref-type="fig"} and *ϕ*~10~ = *ϕ*~30~ = *π*/2 in [Fig. 2b](#f2){ref-type="fig"} are changed into *ϕ*~10~ = *ϕ*~30~ = 3*π*/2 in [Fig. 3b](#f3){ref-type="fig"}, respectively. Any individual vector field in [Figs. 3a and 3b](#f3){ref-type="fig"} can also be focused into a focal ring in [Fig. 3c](#f3){ref-type="fig"} that is the same as [Fig. 2c](#f2){ref-type="fig"}. The simulated interference pattern described by *P* of four individual vector fields in [Fig. 3a](#f3){ref-type="fig"} or 3b exhibits also a tetragonal lattice in [Fig. 3d](#f3){ref-type="fig"}, which is the same as [Fig. 1d](#f1){ref-type="fig"} while has a shift of 1/2 lattice period in the *x*′ and *y*′ directions. As shown in [Fig. 3e](#f3){ref-type="fig"}, however, the simulated intensity pattern of the focused PVOFs in [Figs. 3a and 3b](#f3){ref-type="fig"} is composed of twelve intense spots exhibiting a "Cross" shape. At a fluence of about 6.9 J/cm^2^, [Fig. 3f](#f3){ref-type="fig"} shows the fabricated microholes on the silicon surface by 50 pulses.

To further investigate the feature of our method, we also generate a relatively complex PVOF composed of five individual radially polarized fields, as shown in [Fig. 4](#f4){ref-type="fig"}. For the unique difference of [Fig. 4a](#f4){ref-type="fig"} (or [Fig. 4b](#f4){ref-type="fig"}) with [Fig. 3a](#f3){ref-type="fig"} (or [Fig. 3b](#f3){ref-type="fig"}), an identical radially-polarized (or azimuthally-polarized) field is added at the center. In the simulated interference pattern of five fields, as shown in [Fig. 4d](#f4){ref-type="fig"}, the bright spots and the dark spots form a nested lattice composed of two tetragonal lattices. The focal field in [Fig. 4e](#f4){ref-type="fig"} exhibits a beautiful pattern composed of six intense spots. [Figure 4f](#f4){ref-type="fig"} shows the fabricated multi-microholes at a fluence of about 6.9 J/cm^2^ by 50 pulses.

Finally, the PVOF is composed of seven identical radially-polarized (or azimuthally-polarized) fields with *m* = 1 and *ϕ*~10~ = 0 (or *ϕ~j~*~0~ = *π*/2, where *j* = 1, ..., 7) in [Fig. 5a](#f5){ref-type="fig"} (or [Fig. 5b](#f5){ref-type="fig"}). The seven identical AV-LP-VFs have the same radius of *a* = 1.1 mm and are located at (*x*~10~, *y*~10~) = (2.270, 0) mm, (*x*~20~, *y*~20~) = (1.135, 1.966) mm, (*x*~30~, *y*~30~) = (−1.135, 1.966) mm, (*x*~40~, *y*~40~) = (−2.27, 0) mm, (*x*~50~, *y*~50~) = (−1.135, −1.966) mm, (*x*~60~, *y*~60~) = (1.135, −1.966) mm, and (*x*~70~, *y*~70~) = (0, 0), respectively. The simulated interference pattern of seven individual fields exhibits a trigonal lattice, as shown in [Fig. 5d](#f5){ref-type="fig"}. The simulated focal field pattern in [Fig. 5e](#f5){ref-type="fig"} is composed of six intense spots exhibiting a hexagon. At a fluence of about 6.9 J/cm^2^, six microholes are formed on the silicon surface for 50 pulses as shown in [Fig. 5f](#f5){ref-type="fig"}, which is in good agreement with the intense spot pattern shown in [Fig. 5e](#f5){ref-type="fig"}.

Discussion
==========

We only explore the cases of PVOFs composed of AV-LP-VFs, which have the same topological charge, the same geometric shape (circle), and the simple arrangement. In fact, many degrees of freedom can be used to generate various PVOFs and to then fabricate various microstructures, including (i) the geometric shape and size, the spatial phase and SoP distribution of each individual AV-LP-VF, (ii) the spatial arrangement and number of individual AV-LP-VFs. For any individual AV-LP-VF, its geometric shape is allowed to be arbitrary shape such as circle, square, triangle, hexagon, and so on; its size can also be arbitrary; its phase can have various spatial distributions such as helical phase; its SoP distribution can also be homogeneously polarized, spatially-variant linearly-polarized and hybridly-polarized, and so on. Therefore, PVOFs can be flexibly engineered and easily realized with the aid of a spatial light modulator. The focused PVOF will certainly result in various interference patterns and are then used to fabricate a variety of microstructures. It should be pointed out that under the weakly focusing condition due to the focusing lens with a numerical aperture of 0.15, the longitudinal electric field of the focused patterned vector optical field could be ignored, according to the Richards and Wolf\' vectorial diffraction theory. In addition, the focal depth of the focal spots depend on the number of the individual AV-LP-VFs consisting of the PVOF. For instance, for the focused PVOFs composed of a single, four and six individual AV-LP-VFs, the ratio of the focal depths is *D~single~*:*D~four~*:*D~six~* = 1:1.4:1.1. Correspondingly, the ratio of the depth of the fabricated holes is *d~single~*:*d~four~*:*d~six~* = 1:1.2:1.1.

We presented an approach for fabricating the multi-microholes by using the fs PVOFs and experimentally demonstrated the feasibility on silicon wafer. This approach not only is easily realized but also has the flexibility and universality. It is possible to fabricate microstructures on any material and even microstructures beyond the diffraction limit and the finer three-dimensional (3D) microstructures based on the two-photon polymerization. We believe that our approach is able to fabricate the 3D microstructure based on the two-photon polymerization, which requires that the fluence is carefully controlled because of the threshold behaviour and nonlinear nature. The pulse duration within a scale from dozens to hundreds of femtoseconds has no significant influence on the fabrication based on the two-photon polymerization. Nevertheless, we cannot ensure that our approach is very effective for fabricating the 3D microstructures by the direct etching.
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![Fabrication of multi-microholes by the fs PVOFs composed of four individual linearly-polarized scalar fields with *m* = 0 and *a* = 1.0 mm.\
(a) and (b) are the two PVOFs composed of four individual linearly-polarized scalar fields, which arrange a square, where the arrows show the SoP configurations. (c) shows the simulated Airy spot of the focused individual field. (d) is the simulated interference pattern with a tetragonal lattice of four individual fields. (e) indicates the simulated pattern of the focused PVOF, which contains four bright spots. (c)--(e) have a dimension of 60 × 60 μm^2^. (f) is the SEM image of the multi-microholes fabricated by 50 pulses at a fluence of about 6.9 J/cm^2^.](srep02281-f1){#f1}

![Fabrication of multi-microholes by the fs PVOF composed of four identical AV-LP-VFs with *m* = 1 and *a* = 1.0 mm.\
(a) and (b) are the two generated PVOFs composed of four identical radially-polarized and azimuthally-polarized fields, respectively, which arrange a square, where the arrows show the SoP configurations. (c) shows the simulated focal ring of the focused individual AV-LP-VF. (d) is the simulated interference pattern with a tetragonal lattice of four individual fields. (e) indicates the simulated pattern of the focused PVOF, which contains eight bright spots. (c)--(e) have a dimension of 60 × 60 μm^2^. (f) is the SEM image of the multi-microholes fabricated by 50 pulses at a fluence of about 6.9 J/cm^2^.](srep02281-f2){#f2}

![Fabrication of multi-microholes by the fs PVOF composed of four AV-LP-VFs with *m* = 1 and *a* = 1.0 mm.\
(a) and (b) are two generated PVOFs composed of four radially-polarized fields (with *ϕ*~10~ = *ϕ*~30~ = *π* and *ϕ*~20~ = *ϕ*~40~ = 0) and four azimuthal-polarized fields (with *ϕ*~10~ = *ϕ*~30~ = 3*π*/2 and *ϕ*~20~ = *ϕ*~40~ = *π*/2), respectively, which arrange a square, where the arrows show the SoP configurations. (c) shows the simulated focal ring of any individual AV-LP-VF. (d) is the simulated interference pattern with a tetragonal lattice of four individual fields. (e) indicates the simulated pattern of the focused PVOF. (c)--(e) have a dimension of 60 × 60 μm^2^. (f) the SEM image of the multi-microholes fabricated by 50 pulses at a fluence of about 6.9 J/cm^2^.](srep02281-f3){#f3}

![Fabrication of multi-microholes by the fs PVOF composed of five identical AV-LP-VFs with *m* = 1 and *a* = 1.0 mm, which arrange a face-centered square.\
(a) and (b) are two generated PVOFs composed of five radially-polarized fields and five azimuthal-polarized fields, respectively, where the arrows show the SoP configurations. (c) shows the simulated focal ring of any individual AV-LP-VF. (d) is the simulated interference pattern of five individual fields, exhibiting a nested lattice composed of two tetragonal lattices (bright and dark spots). (e) indicates the simulated pattern of the focused PVOF. (c)--(e) have a dimension of 60 × 60 μm^2^. (f) is the SEM image of the multi-microholes fabricated by 50 pulses at a fluence of about 6.9 J/cm^2^.](srep02281-f4){#f4}

![Fabrication of multi-microholes by the fs PVOF composed of seven identical AV-LP-VFs with *m* = 1 and *a* = 1.1 mm, which arrange a face-centered hexagon.\
(a) and (b) are two generated PVOFs composed of seven radially-polarized fields and seven azimuthal-polarized fields, respectively, where the arrows show the SoP configurations. (c) shows the simulated focal ring of any individual AV-LP-VF. (d) is the simulated interference pattern of seven identical fields, exhibiting a trigonal lattice. (e) indicates the simulated pattern of the focused PVOF, which contains six bright spots exhibiting a hexagon. (c)--(e) have a dimension of 60 × 60 μm^2^. (f) is the SEM image of the multi-microholes fabricated by 50 pulses at a fluence of about 6.9 J/cm^2^.](srep02281-f5){#f5}
